Pyridoxal 5′-phosphate enzymes are ubiquitous in the nitrogen metabolism of all organisms. They catalyze a wide variety of reactions including racemization, transamination, decarboxylation, elimination, retro-aldol cleavage, Claisen condensation, and others on substrates containing an amino group, most commonly α-amino acids. The wide variety of reactions catalyzed by PLP enzymes is enabled by the ability of the covalent aldimine intermediate formed between substrate and PLP to stabilize carbanionic intermediates at Cα of the substrate. This review attempts to summarize the mechanisms by which reaction specificity can be achieved in PLP enzymes by focusing on three aspects of these reactions: stereoelectronic effects, protonation state of the external aldimine intermediate, and interaction of the carbanionic intermediate with the protein side chains present in the active site. This article is part of a Special Issue entitled: Pyridoxal Phosphate Enzymology.
Introduction
Pyridoxal phosphate (PLP) enzymes catalyze many different reaction types on amine and amino acid substrates [1, 2] . The first and common step in all pyridoxal phosphate catalyzed reactions is the formation of an external aldimine intermediate with the substrate. This occurs through a series of steps in which the unprotonated amino group of the substrate attacks the protonated Schiff base formed between a lysine side chain in the active site and the aldehyde group of PLP, followed by proton transfers and collapse to a Schiff base between the substrate and PLP, the external aldimine intermediate. All PLP dependent enzymes have the external aldimine intermediate in common, and it is from this intermediate that the different reaction types catalyzed by PLP diverge, as shown in Fig. 1 .
The majority of reactions catalyzed by PLP are initiated by abstraction of a proton from the carbon attached to the Schiff base nitrogen. Deprotonation is commonly carried out by the ε-amino group of the lysine that was liberated from the internal aldimine with PLP, resulting in the formation of a carbanionic intermediate. The latter is commonly called the quinonoid intermediate because of the quinonelike structure of one of its resonance forms. The carbanionic intermediate is resonance stabilized by the Schiff base and the pyridine ring, which may or may not be protonated depending on the environment. Deprotonation and resonance stabilization of the resulting carbanionic intermediate are illustrated in Fig. 2 .
The carbanionic intermediate formed from deprotonation can undergo several different reactions. The simplest productive reaction is reprotonation at Cα on the opposite face from which the initial proton was removed. This is the central step in the reaction catalyzed by amino acid racemases and epimerases (Fig. 3) . The carbanionic intermediate can also undergo protonation at C4′ of the coenzyme. This leads to a ketimine intermediate that undergoes hydrolysis to complete the first half-reaction of the transamination catalytic cycle (Fig. 4) . Another possibility is that the carbanionic intermediate can act as a nucleophile. This occurs in aldol and Claisen condensation reactions that occur in amino acid metabolism [3] [4] [5] [6] [7] . If there is a good leaving group present at Cβ it can be lost from the carbanionic intermediate to form an aminoacrylate intermediate. This α-β elimination reaction is central to the biosynthesis of tryptophan, cysteine, and other metabolites [8] [9] [10] [11] [12] .
Loss of CO 2 from the external aldimine intermediate is another common central step for PLP enzymes, most commonly leading to the formation of an amine via protonation of the carbanionic intermediate on the same face from which CO 2 was lost [13] . Bioactive amines such as histamine, serotonin, GABA, and others are formed in this way. An unusual decarboxylase, dialkylglycine decarboxylase (DGD), has been studied by our group [14] [15] [16] [17] [18] . DGD catalyzes the loss of CO 2 from 2,2-dialkylglycines, but the CO 2 lost from Cα is not replaced, rather a proton is added to C4′ to yield a ketimine intermediate that is hydrolyzed to yield the pyridoxamine phosphate (PMP) form of the enzyme. The PMP enzyme is converted back to the PLP enzyme by a classical transamination reaction with an α-keto acid, typically pyruvate.
The last possibility for carbanionic intermediate formation is breaking the Cα-Cβ bond in the external aldimine intermediate. This commonly occurs in retro-aldol condensations catalyzed by serine hydroxymethyltransferase and threonine aldolase [12] . In principle, for serine and threonine this can occur either by 1) deprotonation of the Cβ hydroxyl group followed by simultaneous formation of an aldehyde and the carbanionic intermediate, or 2) by attack of a nucleophile (e.g., tetrahydrofolate) on Cβ in an S n 2-type reaction with expulsion of the carbanionic intermediate as a leaving group.
One can see that all three bonds to Cα in the external aldimine that do not involve the imino N can be broken heterolytically to form a resonance stabilized, carbanionic intermediate. Consequently, the first problem in controlling reaction specificity arises: how does a given enzyme control which of the three labile bonds to Cα is broken to initiate forward reaction from the external aldimine intermediate given that the carbanion formed from each is approximately equally stabilized? This question was originally addressed by Dunathan who proposed that stereoelectronic effects are the major determinant [19] .
Stereoelectronic effects originate in the geometric dependence of orbital interactions. In the case of PLP, it was proposed that PLP enzymes are evolved to bind substrates in specific orientations such that the bond to Cα of the external aldimine to be broken is parallel to the conjugated p orbitals of the π system constituted by the Schiff base and pyridine ring (Fig. 5 ). For example, if an enzyme requires the C-H bond to be broken to initiate reaction, then it can bind the substrate portion of the external aldimine intermediate such that this bond is aligned parallel to the p orbitals. If this occurs, then the C-H bond is much more labile than the other two because as negative charge develops at Cα it will be optimally stabilized by resonance interactions with the conjugated π system. Specifically, as the C-H bond is being broken the carbon is rehybridizing from sp 3 to sp 2 and a p orbital is forming on Cα. The negative charge forming in the nascent p orbital can only be resonance stabilized to the degree that this p orbital overlaps with those of the Schiff base and pyridine ring. This overlap and therefore the degree of charge stabilization depend on the cos 2 of the angle between the p orbitals and the bond being broken (Fig. 5 ). This will be addressed in the first part of this review. Another factor in negative charge stabilization that occurs in the transition state is the electrophilic strength of the combined Schiff base and pyridine ring π systems. This is governed by the number of protons present and their placement. PLP Schiff bases have a number of protonation states, and for each protonation state various tautomers exist [20, 21] . At physiological pH, the major protonation state of PLP/α-amino acid Schiff bases in solution has a single proton on the imino N. If enzymes were to use this protonation state then the electrophilic strength of the Schiff base/pyridine ring in the external aldimine intermediate would not be maximal. One way that an enzyme can overcome this is to provide an active site environment that specifically stabilizes the protonation state that is optimal for the reaction being catalyzed. As discussed in the second part of this review, the protonation state that is optimal for a given reaction is not necessarily the most electrophilic one.
Once stereoelectronic and protonation state optimization have occurred, the appropriate bond to Cα can be broken heterolytically to give a reactive carbanionic intermediate. The second major issue for controlling reaction specificity in PLP dependent enzymes is presented here. The carbanionic intermediate should be processed to give the required reaction outcome and this is controlled by the specific placement of side chain functional groups in the active site that direct the bonding changes suitably. This is addressed in the third part of this review. 
Stereoelectronic effects
We have used DGD has a vehicle for studying stereoelectronic effects in PLP dependent enzymes [14, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . This interesting enzyme catalyzes decarboxylation of aminoisobutyric acid in the first halfreaction of a ping-pong kinetic mechanism, while in the second it catalyzes a classical transamination reaction in which the PMP form of the enzyme reacts with pyruvate and regenerates the PLP form of the enzyme and L-alanine. This is illustrated in Fig. 6 . Thus, DGD catalyzes C-C bond breaking in the first half-reaction, and proton transfer in the second.
These two reactions have differing requirements for catalysis. For example, the 1,3-proton transfer in transamination requires a general base catalyst. Yet, both reactions form carbanionic intermediates that are resonance stabilized by the coenzyme. This latter commonality requires that both the C-C and the C-H bonds that are labilized occupy the same position in the active site. As discussed above, this position is one in which the bond to be broken is aligned parallel to the p orbitals of the conjugated π system formed by PLP and substrate (Fig. 5) . The active site structure of DGD is shown in Fig. 7A . A schematic external aldimine intermediate is shown in Fig. 7B . Three binding subsites are labeled in the figure as A, B, and C. The A subsite is the catalytic site since it is only in this position that a bond is aligned parallel to the p orbitals of the conjugated π system. Therefore, in the decarboxylation half-reaction the C-C bond must be located at the A subsite while in the transamination half-reaction the C-H bond must be located at the A subsite. These requirements place structural constraints on the active site of DGD. The A and the B subsites must both be able to bind a carboxylate group. This has consequences for the decarboxylation reaction especially, since with simple 2,2-dialkylglycines the catalytic site is capable of accepting a small alkyl group, with the result that the carboxylate can bind in a nonproductive mode interacting with Arg406 at the B subsite. This was previously exploited to demonstrate the existence of stereoelectronic effects in DGD using a series of alternative amino acid substrates that alter the equilibrium for binding the carboxylate between the A and B subsites [18] . The larger amino acid substrates promote the carboxylate to the catalytic A site, leading to an increase in k cat .
A series of aminophosphonate inhibitors of DGD was synthesized, and two were found to be slow binding inhibitors [16] . The kinetics of the slow binding inhibition were elucidated as was the structural basis. For the sake of this discussion, the most interesting findings were that the phosphonate group, which is a mimic of the substrate carboxylate group, is bound in a location between the A and B subsites. This was interpreted as evidence for competition between them for binding of the substrate carboxylate. More interesting was the observation that there is a correlation between the degree to which the C-P bond of the inhibitors is aligned parallel to the p orbitals of the Schiff base and the rate constant for decarboxylation of the structurally analogous substrates for the inhibitors. The inhibitors for which the C-P bond is more nearly parallel to the p orbitals of the π system have corresponding faster reactions for the equivalent substrates, providing additional evidence for the role of stereoelectronic effects in controlling the primary bond breaking step in PLP enzymes.
Studies employing mutants of DGD explored the roles of active site residues in the two half-reactions. Fogle et al. studied three Gln52 mutants, in which this residue was changed to either alanine, isoleucine, or glutamate [22] . The most straightforward mutant, Q52A in which the amide functional group is removed, also has the least impact on the rate of decarboxylation. The k cat for this mutant is 0.12 s result is that the loss of the amide functional group at position 52 results in the carboxylate group of AIB being favored at the B subsite 100-fold more than it is in the wild type enzyme, or in other words that Gln52 provides approximately 2.7 kcal/mol of binding energy for the substrate carboxylate at the A subsite. Thus, Gln52 can be seen as a competitor in the tug-of-war between the A and B subsites for the substrate carboxylate group. Based on the structure, Gln52 is the main protagonist at the A subsite while Arg406 is the main one at the B subsite.
The results with the Q52I mutant were more complicated [22] . It was made because Ile occupies the analogous position in the structurally very similar enzyme GABA aminotransferase. This mutation had a drastic deleterious effect on the rate constant for the formation of the external aldimine intermediate as well as for decarboxylation. It was proposed that the Ile side chain sterically inhibits substrate binding and dispromotes the reactive confirmation in which the substrate carboxylate is in the A subsite.
The Q52E mutant was constructed in order to prevent substrate carboxylate binding in the A subsite via electrostatic repulsion between the carboxylate groups [22] . The rate constant for decarboxylation of AIB is 10 4 -fold reduced in Q52E, while that for transamination is much less affected. Therefore, the effect of the mutation is rather specific to the decarboxylation half-reaction. This allowed the estimation of the magnitude of stereoelectronic effects in DGD. The rate constant for decarboxylation of AIB in Q52E was taken as the rate constant for decarboxylation from the B subsite, while the value for decarboxylation from the activated A subsite was calculated from the rate constant for AIB decarboxylation by wild type DGD and the effect of alternate substrates on it. Under these assumptions, it was inferred that the free energy of activation for the loss of CO 2 from the A subsite is 7.3 kcal/mol less than the loss of CO 2 from the B subsite. This value is considered a lower limit on the true value. Nevertheless, it would account for a 10 5 -fold preference for breaking the bond at the A versus the B subsite, which is highly significant physiologically.
Recently, work with mutants at positions 138 and 406 in the active site of DGD was reported [14] . In Fig. 7 , it can be seen that Arg406 is located in the B subsite and interacts with the carboxylate group of amino acid substrates. It was hypothesized that changing Arg406 to methionine would result in the carboxylate group of AIB binding only at the stereoelectronically activated A subsite, thereby increasing k cat by removing nonproductive binding in the external aldimine intermediate. This prediction was not borne out, rather the R406M mutant has a k cat for AIB decarboxylation that is decreased approximately 100-fold from that of wild type DGD. This surprising result inspired construction of the R406K mutant in which the positively charged side chain of Arg is replaced with the similarly charged Lys side chain. R406K has a 10-fold decreased rate constant for AIB decarboxylation. Similarly, there was a 100-fold and 10-fold increase in the Michaelis constants for AIB with R406M and R406K, respectively. The latter result is consistent with Arg406 being directly involved in the binding of substrate carboxylate, but the decrease in the k cat value for decarboxylation is not easily reconciled with the simple functional active site model constructed for DGD. It appears that positive charge in the B subsite is required for efficient decarboxylation to occur, although the reason for this is not clear.
The use of the alternative substrates 1-aminocyclopentane-1-carboxylate and 1-aminocyclohexane-1-carboxylate provided additional evidence for the requirements of a positive charge at position 406 for efficient decarboxylation catalysis [14] . These cyclic substrates force the carboxylate group in the A subsite. The rate constants for decarboxylation of the external aldimine intermediates formed with these substrates are decreased approximately 1000-fold for the Arg406 mutants. The requirements for a positive charge at residue 406 is counterintuitive since positive charge would be expected to stabilize the negatively charged ground state of the substrate carboxylate, thereby making loss of CO 2 more difficult. This mystery is still unresolved.
The C subsite in the active site of DGD is thought to be formed by the indole ring of Trp138 and the side chain of Met141. Mutations at these two positions were employed to test the active site functional model used to analyze stereoelectronic effects [14] . The W138F mutant should enlarge the C subsite. Indeed, the W138F mutant is much more tolerant of larger substrates in the transamination half-reaction, which requires the side chain of the substrates to be in the C subsite. The M141R mutant was combined with the W138F mutant in an effort to bring about specificity for a carboxylate group at the C subsite. Reactions with the D and L isomers of glutamate show the new C subsite will was indeed capable of binding a carboxylate group but not that on Cγ of glutamate but on Cα of D-glutamate. The glutamate side chain binds in the B subsite. The result was that this mutant was 1000-fold more active in the decarboxylation of L-glutamate than was the wild type enzyme, while it bound D-glutamate with much higher affinity than wild type enzyme.
The double mutant has a specificity ratio for L-glutamate over AIB that is 10 8 -fold higher than that for WT. These results provide further support for the functional active site model of DGD which is based on stereoelectronic activation of the bond to be broken at the A subsite.
For comparative purposes, an interesting relative of DGD is GABA aminotransferase. The X-ray structure of GABA aminotransferase was determined using the structure of DGD as a molecular replacement search model [32] . It shows remarkable similarity to that of DGD but with important differences that correlate with the lack of decarboxylase activity. In an ambitious attempt to introduce decarboxylation activity into GABA aminotransferase, 12 active site variants with combinations of mutations were constructed, with the intention of introducing a binding site that would position the carboxylate of glutamate such that the C-C bond is parallel to the p orbitals of the π system [33] . These experiments had varied success. A moderate 10-fold increase in decarboxylation of L-glutamate was achieved with the E211S/I50H/V80D triple mutant. On the other hand, this mutant also showed one of the largest decreases in transamination activity, giving a formal change of reaction specificity. The X-ray structures of mutants provide an explanation for these disappointing results. Although DGD and GABA aminotransferase are very similar in structure, there are important differences in the positions of active site residues. It was hypothesized that these Cα structural differences prevent appropriate placement of the introduced side chains for decarboxylation catalysis. This highlights an important lesson that has been learned time and again in protein engineering of enzymes: the exact positioning of active site residues is critical to catalysis and this positioning is achieved by many subtle interactions between residues including those that lie outside of the active site. Our laboratory used the results with GABA aminotransferase as an impetus to develop methods for identifying these second sphere interactions that position active site residues. In unpublished work, we have developed a program that analyzes multiple sequence alignments for both structural conservation and covariation, and applied this to the interconversion of enzymes. Our success with this method will be reported in a forthcoming publication.
Another enzyme under investigation in our laboratory is alanine racemase [34] [35] [36] [37] [38] . It provides D-alanine that is required by bacteria for cell wall biosynthesis. L-Alanine reacts with the enzyme to form an external aldimine that is deprotonated by Tyr265 to give a high energy quinonoid intermediate, which is subsequently reprotonated on the opposite face by Lys39 to give the D-alanine external aldimine intermediate (Fig. 3) [36, 37] . The enzyme from Geobacillus stearothermophilus is highly active, with k cat values of approximately 1000 s − 1 . Multiple kinetic isotope effects were employed to demonstrate the existence of the carbanionic intermediate, since it does not accumulate to spectroscopically detectable levels on the enzyme [37] . With a defined mechanism in hand, a series of racemization progress curves was globally fitted to this mechanism, allowing all eight of the rate constants in the mechanism to be defined [36] . In separate, independent work, Major and Gao performed mixed quantum mechanical/molecular mechanical simulations of the alanine racemase reaction and confirmed our conclusions drawn from global kinetic analysis [39, 40] . Our global analysis work has been criticized by Johnson in two papers that describe a kinetic analysis program that his company has developed [41, 42] . A careful reading of our published work shows that narrow but reasonable limits on the eight rate constants were carefully spelled out [36] . This restriction on the values of the rate constants was key to the success of our methodology, but was ignored by Johnson. The original work has been repeated in our laboratory by multiple workers since publication, using different data analysis programs and yielding essentially identical results. In unpublished work, we have explored the constraints required in global analysis of enzyme kinetic data to obtain values of microscopic rate constants. This provides a general framework for defining free energy profiles using information from kinetic experiments that are commonly employed in the laboratory.
Global analysis of racemization progress curves was extended to the determination of isotopic free energy profiles for this enzyme [34] . In this work, three different types of racemization progress curves were employed for global analysis. The first was the usual racemization of protiated substrates in H 2 O, the second was racemization of deuterated substrates in H 2 O, and a third was equilibrium perturbation type experiments in which D-and L-alanine are initially at equal concentrations with one stereoisomer being deuterated. The crux of this analysis was the diversity of racemization progress curves employed and the similarity of the rate constants for the protiated and deuterated reactions. Satisfyingly, using a completely new and independent set of data from slightly different conditions, the free energy profile obtained is very similar to that from our original work (Fig. 8) .
The isotopic free energy profiles allow one to calculate intrinsic isotope effects for each step of the reaction [34] . The intrinsic kinetic isotope effects can be directly related to transition state structure, unlike observed kinetic isotope effects which are often compromised in magnitude by kinetic complexity. Based on the chemical similarity of the reaction from both directions, one expects to observe kinetic isotope effects that are similar for both stereoisomers. Indeed, this was observed: the primary kinetic isotope effects for deprotonation of either stereoisomer is approximately 1.6. This value is small compared to the theoretical limit of approximately 7. These isotope effects were interpreted within the context of the Westheimer model for kinetic isotope effects as indicating an early transition state for the deprotonation of D-alanine by Lys39 and a late transition state for the deprotonation of the L-alanine by Tyr265. Additionally, it allowed us to estimate the pK a of Cα in the external aldimine intermediate to be between those of Lys39 and Tyr265, with a value of approximately 9. This is in reasonable agreement with the calculations by Major and Gao which estimate the pK a to be approximately 12.
Interestingly, isotope effects were clearly observed on the rate constants for formation and decomposition of the external aldimine Fig. 8 . Isotopic free energy profiles for alanine racemase. The solid line is for protiated alanine and the dashed is for deuterated alanine.
intermediate for both stereoisomers [34] . A normal kinetic isotope effect was observed for formation while an inverse kinetic isotope effect was observed for decomposition. This can be used to calculate an equilibrium isotope effect on formation of the external aldimine intermediate. The values for the equilibrium isotope effects are normal and approximately 1.25 for both stereoisomers, indicating that external aldimine formation is favored with the protiated substrate.
The origin of these isotope effects is hyperconjugation. Alignment of the Cα-H bond in the external aldimine intermediate parallel to the p orbitals of the π system allows removal of electron density from the Cα-H bond into the electrophilic π system. This weakens the bond compared to that in solution, lowering its vibrational frequency and giving an isotope effect. This provides direct support for Dunathan's hypothesis that stereoelectronic effects are an important means by which PLP enzymes control the primary events in determining reaction specificity. It also suggests that the catalytic effects of PLP are felt not only in the transition state but also in the ground state. That is, there is significant ground state electronic destabilization in play in catalysis by PLP enzymes. Ground state electronic destabilization in enzyme catalyzed reactions has recently been reviewed in the literature.
PLP protonation state
Over the last decade or so, evidence has been accumulating suggesting that not all PLP enzymes protonate the pyridine N as a prerequisite to catalysis. The first solid piece of evidence was the determination of the X-ray structure of tryptophan synthase [43] . It showed that, unlike AAT, the pyridine N does not interact with the carboxylate group of an aspartate or glutamate in the active site, rather it interacts with the hydroxyl group of a serine, which would ostensibly prohibit protonation of the pyridine N. Structures determined subsequently showed that all fold type II PLP enzymes employ either a serine, threonine, or cysteine residue for interaction with the pyridine N of bound PLP [44] . The X-ray structure of alanine racemase, which is a member of fold type III, shows Arg219 interacting with the pyridine N [45] [46] [47] . This latter interaction certainly precludes protonation of the pyridine N since the intrinsic basicity of the guanidino group (pK a~1 3) is much higher than that of the pyridine N (pK a~5 ), and the positive charge on Arg219 is not compatible with a protonated pyridine N.
Evidence that pyridine N protonation is not required for PLP catalysis comes from model studies in solution as well. For example, PLP catalyzes nonenzymatic transamination and decarboxylation at pH values where the pyridine N is unprotonated, and its protonation increases the rates of these reactions by a small factor [48, 49] . It has also been documented that salicylaldehyde can catalyze racemization of amino acids in solution, although transamination with this catalyst has not been observed [50] [51] [52] [53] [54] [55] [56] . Recent work from the group of Richard has quantitated the catalytic contribution to deprotonation from the various functional groups on PLP [57] [58] [59] [60] [61] [62] . A priori, there is no reason to expect that PLP enzymes employ a single protonation state of the external aldimine intermediate, and different protonation states may be one means by which PLP enzymes can control reaction specificity. We previously proposed that the unprotonated pyridine N in alanine racemase causes the high energy of the carbanionic intermediate, and that this high energy serves a productive role in maintaining specificity for racemization versus transamination [36, 37] .
In addition to experimental studies, theoretical studies have also questioned the requirements for protonation of the pyridine N in PLP catalysis. Liao et al. performed ab initio calculations on transamination reactions [63, 64] . One of their conclusions was that protonation of the pyridine N by Asp222 does not lower the activation barrier to a great extent, in agreement with solution studies. Casasnovas et al. performed calculations on the 3-hydroxypyridine-4-aldehyde/alanine Schiff base, which more explicitly examined the effect of protonation state of the pyridine and imine nitrogens on the stability of the carbanionic intermediate [65] . Their results suggest that protonation of the pyridine N has a strong effect on the stability of the enolimine versus ketoenamine tautomers of the Schiff bases, which has been confirmed experimentally.
Additionally, their calculations support the commonsense conclusion that the importance of pyridine N protonation to stabilizing carbanionic intermediates is dependent on the protonation states of the Schiff base N [65] . When the Schiff base N is protonated, protonation of the pyridine N has a small effect on the stability of the carbanionic intermediate. When the Schiff base N is unprotonated, protonation of the pyridine N has a much larger effect on stability of the carbanionic intermediate. Similar conclusions were drawn from previous calculations [66, 67] .
Casasnovas et al. performed additional calculations to arrive at atomic charges for the various protonation states of the carbanionic intermediate [65] . These allow one to draw an additional, important conclusion: protonation of the pyridine N promotes proton transfer to C4′ of PLP as is required in transamination. This is also in agreement with studies of nonenzymatic reactions using salicylaldehyde as a catalyst, where only racemization, not transamination, is observed. Therefore, enzymes for which protonation at C4′ is detrimental may have evolved to avoid protonation of the pyridine N as a way to control reaction specificity.
One can imagine that certain reaction types catalyzed by PLP enzymes require the formation of a distinct carbanionic intermediate. For example, amino acid decarboxylases in general replace stereospecifically the α-carboxylate group with a proton to give an amine product with retention of configuration. This could not easily be achieved by a concerted decarboxylation/proton transfer mechanism, and a distinct carbanionic intermediate is expected. One can apply similar reasoning to aminotransferases and the central 1,3-prototropic shift. Indeed, recent N-15 NMR studies of AAT have confirmed that the pyridine N in this enzyme is protonated and exists as an ion pair with Asp222 [68] . On the other hand, the group of enzymes that catalyze α-β elimination reactions can potentially catalyzed these without the formation of distinct carbanionic intermediates through an E2-type elimination reaction rather than an E1cb-type reaction. Cook and coworkers have studied the enzyme O-acetylserine sulfhydrylase, which appears to employ an E2-type mechanism [11, [69] [70] [71] [72] [73] [74] .
O-Acetylserine sulfhydrylase catalyzes the final step in cysteine biosynthesis, in which acetic acid is eliminated from O-acetylserine to form an aminoacrylate intermediate that subsequently reacts with bisulfide to yield cysteine. The acetate leaving group is a good one and does not require general acid catalytic assistance. Thus, it is reasonable that it departs from Cβ at the same time that the proton is being removed from the Cα without formation of a distinct carbanionic intermediate. Abundant evidence in support of this hypothesis has been ushered by Cook [11] .
Tryptophan synthase is a PLP enzyme that catalyzes the final step in tryptophan biosynthesis, and is structurally very similar to O-acetylserine sulfhydrylase [8, 9] . Tryptophan synthase has the chemically more difficult task of eliminating water from serine to form an aminoacrylate intermediate that subsequently undergoes reaction with indole to form tryptophan. Dunn and coworkers have studied extensively the presteady-state kinetics of tryptophan synthase and concluded that the wild type enzyme indeed forms a carbanionic intermediate prior to elimination of hydroxide from Cβ, in an E1cb-type mechanism [75] [76] [77] [78] [79] [80] [81] [82] [83] . In work by Miles and coworkers, it was shown that mutation of Ser377, which hydrogen bonds to the pyridine N, to aspartate (S377D) causes a dramatic accumulation of a carbanionic quinonoid intermediate that absorbs at 510 nm [84] . The longer wavelength absorption maximum for the carbanionic intermediate in the mutant versus the wild type enzyme (~460 nm) is evidence that the pyridine N is indeed protonated in the S377D mutant, yet protonation of the pyridine N reduces the overall activity of the enzyme by more than 100-fold. This suggests that the greater negative charge density at Cα of the carbanionic intermediate when the pyridine N is unprotonated facilitates the elimination of the poor leaving group at Cβ of serine. By contrast, similar mutations in O-acetylserine sulfhydrylase had essentially no effect on the activity of the enzyme or on the observation of a carbanionic intermediate, in line with the ease of elimination of acetate as a leaving group [85] .
In experiments with AAT in which the opposite switch was made by removing the carboxylate that interacts with the pyridine N (D222A mutant), the consequences were severe: a 10 4 reduction in k cat /K M and a 10 3 reduction in k cat [86] [87] [88] . In additional work with this mutant, Kagamiyama and coworkers found that the coenzyme analogue N-methylPLP does not restore full activity to the enzyme, increasing the rate constant for the reaction with aspartate only 10-fold [87] . In aminolevulinic acid synthase, an enzyme related in structure to AAT but catalyzing a Claisen condensation as the first step in heme biosynthesis, the D279A mutant has no detectable activity and reconstitution of it with N-methylPLP does not increase it to detectable levels, although it did allow spectroscopic detection of quinonoid accumulation in the reverse reaction [89] . Similar results were obtained with ornithine decarboxylase [90] . These results might be explained by less interesting effects such as altered coenzyme binding and orientation, but a real possibility that must be considered is that even in PLP enzymes in which the pyridine N interacts with a carboxylate group there are steps in the reaction mechanism that require the pyridine N to be uncharged (unprotonated), which is not possible with N-methylPLP. For AAT, it would be interesting to know by how much the rate constant for deprotonation of Cα in the external aldimine intermediate is reduced (as measured by exchange with solvent) in the D222A mutant compared to the rate of transamination which requires protonation at C4′. This would give an indication of how important protonation of the pyridine N in the carbanionic intermediate is to leveling the reactivity of Cα and C4′ for protonation.
We recently published the synthesis of 1-deazaPLP and presented evidence that it binds tightly to AAT [91] . We are interested in this coenzyme analogue because it is isosteric with PLP and completely removes the ring nitrogen. No positive charge can develop on the ring and, additionally, the role of the greater electronegativity of N versus C can be deciphered. In work that has been submitted for publication, we showed that this coenzyme analogue has a very large effect on AAT, a much smaller effect on alanine racemase, and the smallest effect on Oacetylserine sulfhydrylase. These results are in agreement with those discussed above, and suggest an important role for modulation of the coenzyme electrophilicity in controlling reaction specificity.
Active site interactions
Once the carbanionic intermediate is generated from the external aldimine intermediate in PLP enzymes, its fate is partially controlled by the protonation states of the intermediate as discussed above, and probably largely controlled by its interaction with active site residues. One of the more remarkable demonstrations of the importance of active site residues in determining reaction specificity was reported by Seebeck and Hilvert in experiments on alanine racemase [92, 93] . An examination of the active site structure led them to postulate that removing Tyr265, which is the base catalyst that deprotonates the Lalanine external aldimine intermediate, would allow His166 to act as a general base in a retro-aldol reaction. The Y265A mutant indeed shows a 10 5 -fold increase in activity for conversion of β-phenylserine to benzaldehyde and glycine over the wild type enzyme, although the k cat value for this reaction is 10 4 -fold less than that for alanine racemization by the wild type enzyme. A medically very important enzyme that has been characterized in the past decade is mammalian serine racemase [35, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] . In mammals, D-serine is a coagonist of the N-methyl-D-aspartate receptor in the brain, and prevention of D-serine formation has potentially valuable medical consequences. An interesting and important property of this enzyme is that the racemization of L-serine to D-serine is accompanied by the elimination of water from serine, which occur at approximately equal rates. The biological significance of this coexistence of racemization and elimination activities is not clear, but is the subject of active research. In the context of this review, the existence of these two activities at equal levels in one enzyme is a remarkable example of the lack of substrate specificity in a PLP enzyme. The mechanism of both reactions is initiated by proton abstraction from Cα in the external aldimine intermediate to give a carbanionic intermediate that partitions between reprotonation on the opposite face of Cα and loss of hydroxide from Cβ. This highlights the importance of specific interactions between reaction intermediates and active site side chains in determining the pathway that a common intermediate takes in a given reaction. It is not yet clear either from the structure of the enzyme or other studies how this is achieved by serine racemase and certainly warrants further attention given the medical importance of this enzyme.
The complex mechanism of aspartate β-decarboxylase provides many opportunities for mistakes during the course of its reaction. The accepted reaction mechanism for this enzyme is shown in Fig. 9 . It involves initial 1,3-proton transfer from Cα of L-aspartate in the external aldimine intermediate to the coenzyme C4′ (the central step in transamination) followed by β-decarboxylation from the ketimine, and subsequent reverse 1,3-proton transfer and release of L-alanine. Past studies showed that it forms pyruvate~1/1000 turnovers [109] , which is the highest known error frequency for a PLP enzyme (unless one considers the elimination of water from serine as a mistake in the serine racemase reaction). The basis for this low reaction specificity is important to decipher as a counter example to the basis of the high reaction specificity of other PLP enzymes.
Aspartate β-decarboxylase has been well studied kinetically and its X-ray structure was recently solved [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] . It was reported to have a k cat value of approximately 400 s − 1 [127] . Recently, Phillips et al.
reported stopped-flow kinetic studies that show the enzyme catalyzes the initial 1,3-proton transfer with a rate constant greater than 1000 s − 1 [128] . They additionally found that one or more ketimine intermediates is/are the dominant species in the steady-state. Combined with small C-13 kinetic isotope effects measured by O'Leary, one can say with some certainty that steps subsequent to loss of CO 2 are largely rate determining for aspartate β-decarboxylase [129] . The possible steps include the reverse 1,3-prototropic shift from the pyruvate ketimine to the L-alanine external aldimine, and the decomposition of this external aldimine into products. This makes chemical sense given that hydrolysis of the pyruvate ketimine leads to the major side product observed. The groups of Wang and Lee have characterized a series of site directed mutants of this enzyme [121, 122, 127] . One series of mutants examined residues responsible for the dodecameric quaternary structure, while another series was based on differences between aspartate β-decarboxylase and AAT. From the mechanistic point of view, the most interesting mutation reported is F204W, in which the phenylalanine residue in front of PLP is changed to a tryptophan as is found in AATs. This single change does not significantly alter the decarboxylation activity, but it increases the transamination activity 3-fold.
Amazingly, the reverse, conversion of AAT into aspartate β-decarboxylase, was achieved by the group of Christen by only three active site mutations [130] . The triple mutant Y225R/R292K/R386A shows a k cat value of 0.08 s − 1 for β-decarboxylation of aspartate and 0.01 s − 1 for transamination. The authors did not perform detailed mechanistic experiments that would provide insight into just how these mutations alter the reaction specificity of the enzyme, therefore, one can only speculate on how this occurs. Aspartate β-decarboxylase and AAT have steps leading to the oxaloacetate ketimine intermediate in common. AAT normally hydrolyzes this intermediate to complete the first half-reaction. To achieve a decrease in transamination activity with a simultaneous increase in β-decarboxylation activity, ketimine hydrolysis would have to be disfavored and loss of CO 2 from the ketimine intermediate would have to be promoted. It is clear neither from the existing kinetic studies nor from the X-ray structure of the mutant enzyme how this is achieved, and additional work on this interesting finding would be valuable. A similarly complex reaction mechanism is responsible for the conversion of O-phospho-L-homoserine into threonine [131] [132] [133] [134] [135] [136] [137] [138] [139] . In recent work from Hayashi's lab, strong evidence in support of the participation of the first product of the reaction, inorganic phosphate, as an acid-base catalyst of subsequent steps in the reaction was presented [131] . They showed that when L-vinylglycine (which is an intermediate in the proposed mechanism for O-phospho-Lhomoserine) was used as a substrate, threonine was formed as a product only when inorganic phosphate was present in the buffer. Sulfate was not capable of substituting for phosphate, and in the absence of phosphate only α-ketobutyrate was formed. This illustrates a remarkable strategy for controlling reaction specificity, product-assisted catalysis, in which the first product of the reaction is a required catalyst for subsequent steps.
In summary, stereoelectronic effects are an important part of the process of controlling reaction specificity in PLP enzymes. The role that PLP protonation states play in reaction specificity is likely to be very important, but is not well clarified at the moment. It is probable that there is a strong interplay between stereoelectronic effects and the protonation state of PLP. Once the carbanionic intermediate is formed from the external aldimine intermediate, the interaction of this intermediate with active site residues is a major factor in determining the route that it takes. The details of these interactions and how they determine reaction outcome are likely to be specific to each reaction type catalyzed by PLP enzymes, and general principles are less likely to be gleaned from their understanding.
